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b s t r a c t
Cu/Pd alloys were deposited onto Si(100) and SiO 2 (fused silica) substrates by MOCVD from PdL 2 Â CuL 2 , (L ¼2-methoxy-2,6,6-trimethylheptane-3,5-dionate), a new single source bimetallic precursor. Deposition was performed at 10 Torr in a temperature range between 200 1C and 350 1C and was assisted by vacuum ultraviolet (VUV) irradiation of the precursor vapor from an excimer Xe-lamp. It was shown that the elemental and phase composition of the films can be controlled by varying the deposition temperature and by stimulating by VUV the precursor decomposition. The bulk compositional properties of the obtained films confirmed the feasibility of proposed approach and precursor to prepare Pd alloy membrane materials by the CVD method.
Introduction
The increased demand for hydrogen in recent years has revived the interest in methods for separation and purification of hydrogen from gas mixtures in many sectors such as petroleum refining, petrochemical and semiconductor processing, as well as in new energy-related applications, especially in clean fuel for fuel cells and vehicles. Efficient hydrogen separation membrane alloys are characterized by high hydrogen permeability, low expansion when saturated with hydrogen, good corrosion resistance and high plasticity and strength during operation at temperatures in the range between 300 1C and 700 1C. The main concerns with membrane reliability are related to corrosion resistance and to structural modifications during operation resulting in change of hydrogen permeability. Pd alloy membranes with high selectivity for hydrogen and convenient thermal, chemical, and mechanical properties are widely used for this purpose [1] . Pd-Cu membranes are cost effective materials and have high resistance to sulfurous compounds in gas mixtures while maintaining a desirable set of properties [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . It has been established that Pd 47 Cu 53 with B2 (bcc) structure shows higher permeability than Pd at 350 o C; the Pd-Cu B2 phase is not thermally stable and is subject to surface poisoning while fcc Pd-Cu alloys show some resistance to surface poisoning. Pd-Cu membranes exhibit better performance than Pdsputtered membranes at high current densities in direct alcohol fuel cells as a primary power source for stationary and portable devices [12] [13] [14] [15] . In a complementary perspective, electromigration resistant Pd/Cu alloy films have also been investigated in microelectronics as conductive or buffer layers in circuit design [16, 17] .
Up to now, many deposition techniques have been investigated to fabricate Pd-Cu composite films. However, to the best of the authors knowledge, there is actually no industrially implemented method of obtaining Pd membranes, each one having its problems yet unsolved. For example, wet deposition techniques like electroless and electro deposition are less suitable for the production of binary, ternary and multicomponent Pd-alloys due to difficulties in controlling the alloy composition and layer thickness on large areas. Processing of Pd-Cu and, more generally of intermetallic alloy coatings by metal organic chemical vapor deposition (MOCVD) is expected to extend their implementation in surface engineering. Especially, thanks to the possibility to operate in surface reaction controlled regime, MOCVD allows surface treatment of complex-inshape items such as glass molds, turbine blades and vanes in aeronautic industries, or porous preforms whose internal surface may be functionalized for the preparation of supported catalysts. High growth rate, versatility, cost effectiveness, environmental compatibility, ease to scale up and the possibility to process films containing thermodynamically metastable phases, are additional advantages of MOCVD processes. Finally, the use of molecular precursors allows operating at low to moderate temperatures, thus extending the targeted applications spectrum so as to cover temperature-sensitive substrates. The price to pay for this high potential is the need to tackle the challenges imposed by the complex gas phase and surface chemistries. In addition to mastering the deposition reaction, these challenges also concern the precursor design and delivery, in terms of non-toxicity, stability and volatility. The inherent difficulty for the establishment of a robust MOCVD process is further amplified in the case of coatings containing several elements and potentially intermetallic phases, mainly because of the limited width of their stability domains, the far-fromequilibrium initial state which can lead to unpredicted transitions and, last but not the least, of the requirement to use compatible precursors for the deposited elements [18] . Until now, this situation resulted in limited investigation of MOCVD for the co-deposition of intermetallic alloy films. The above mentioned constraints can be partially circumvented if the preparation of the coating proceeds through the use of a single source precursor. In the case of Pd-Cu based membranes, it would be useful to dispose of a precursor providing deposition of the base Pd-Cu alloy when another component (e.g. Ag, Ru, V, Y, Zr, etc.) which is of minor content (several at%) can be codeposited from the separate compound.
In this perspective, the present contribution is focused on the investigation of PdL 2 Â CuL 2 , (L ¼2-methoxy-2,6,6-trimethylheptane-3,5-dionate), an original single source, volatile precursor with a Pd/Cu ratio equal to one, for the CVD of Pd-Cu films. CVD of Pd-Cu films is performed under thermal activation. Moreover, vacuum ultraviolet activation of the input gas is combined with thermal activation with the aim to improve the film quality and/or to decrease the thermal budget of the process.
Experimental
Detailed information on the synthesis and the properties of [PdL 2 Â CuL 2 ] will be published in the forthcoming paper. It is recalled here that the compound can be sublimed in vacuum (130 1C, 10 À 2 Torr) while preserving its composition and structure. Pd-Cu films were deposited on Si(100) and fused silica 10 Â 10 mm 2 substrates in a cold wall stainless steel CVD reactor described in Ref. [19] . Determination of phases in the films was performed at room temperature by X-ray diffraction in a Shimadzu XRD-7000 instrument (CuKα radiation, Ni filter, 2θ angle range from 51 to 501, 2θ step 0.031). The patterns were recorded in the step-by-step mode in the angular range 2θ¼25-1051, step 0.051. Data from the PDF database were used as Ref. [20] . The crystal cell parameters were determined by the full profile technique applied to full-range diffraction data using the PowderCell 2.4 software [21] . The volume-averaged crystallite sizes (D) were estimated from the integral broadening of the peaks using the WINFIT 1.2.1 program and the Scherrer formula [22] . The composition of the Cu x Pd 1À x bimetallic phases was determined from the specific atomic volumes (νn¼V cel /z at ) by using a calibration curve built from crystal cell parameters of known alloys [20] . The significant difference in the specific atomic volumes of the elements (νn Cu ¼11.81, νn Pd ¼14.72 Å 3 ) allowed determination of the alloys composition with 71 at% precision. The weight ratio of the phases in the films was approximated by the ratio of the integral intensities of the reflections (110) for phase B2 and (111) Films morphology was investigated by scanning electron microscopy (SEM) with a JEOL JSM 6700F instrument equipped with a JEOL EX-23000 BU energy-dispersive X-ray spectrometer (EDS) analyzer. Surface composition was investigated by X-ray photoelectron spectroscopy (XPS) with a VG ESCALAB HP instrument using Al Kα (hνn ¼1486.6 eV) non-monochromatic radiation. The samples were mounted on a sample holder using double side adhesive, conductive tape. The calibration of the scale of binding energies was done on the Au4f 7/2 (Е в ¼84.0 eV) and Cu2p 3/2 (E ¼932.9 eV) lines from Au and Cu foils, respectively. The spectra were recorded before and after sputtering with a focused Ar þ ion beam with energy of 3 keV at a current density of ca. 40 μА/cm 2 .
The relative concentrations of the elements were determined on the basis of the integrated intensities of XPS lines taking into account the photoionization cross sections of the corresponding terms [23] .
The elemental composition of the films was also determined by Electron Probe Micro-Analysis (EPMA) with a CAMECA SX-50 instrument, equipped with three wavelength dispersive spectrometers, and by inductively-coupled plasma atomic emission spectroscopy (ICP-AES) with a Thermo Scientific ICAP-6500 instrument. Films deposited on fused silica substrates were investigated for the latter case. Prior to the analysis the films were dissolved in nitric acid and the obtained solutions were subjected to a standard analytical protocol.
Results and discussion
Film formation was observed on quartz and silicon substrates and also on the stainless steel susceptor. Films deposited both on silicon and quartz substrates are mirror like and present a gray metallic gloss. The mass gain per unit surface of SiO 2 samples was typically $ 1.5 times higher than that of the Si ones at all T d . No film formation was observed at T d lower than 150 1C for deposition time of 1 h, even under VUV-irradiation. These results are attributed to a higher nucleation delay of the film at low T d as well as on Si than on SiO 2 . This aspect is out of the scope of the present work.
Films were systematically composed of Pd-Cu crystalline phases with different Pd/Cu ratio depending on T d . The Cu-Pd phase diagram contains two solid solutions; a disordered fcc (space group Fm-3m) which spans over the entire compositional range, and a bcc intermetallic CuPb or B2 phase (CsCl structure, space group Pm À 3m), stable up to ca. 600 1C [24] [25] [26] . The latter appears in the form of a miscibility gap centered on 40 at% Pd and expanding from 30 at% to 50 at% at room temperature. The two diagrams of Fig. 1 present XRD patterns of films deposited at different temperatures on SiO 2 , under thermal (1a) and combined thermal-VUV (1b) activation. Fig. 1 shows that the peaks shift and the lattice parameters change that is good evidence of the alloy film forming. Similar patterns are obtained from films processed on Si. It appears that both the B2 and the fcc phases are systematically present in the films. However, the former is largely predominant, in agreement with the thermodynamic equilibria [27] . No crystalline phases of unary metals are detected in the films. Comparison between XRD patterns of films processed with and without VUV activation reveals that the relative amount of the minor fcc phase is higher when deposition is VUV activated. This result can be explained by the fact that photostimulation by such a hard radiation results in decomposition of precursor ligands. This in turn produces films with higher carbon contamination as it will be detailed in a following section. It is well known that the fcc phase is stabilized in the presence of free carbon (see for example [28] ).
Films are textured especially those processed at 350 1C which are textured in the 〈100〉 direction. Indeed, for these films the intensity of 100 and 200 peaks is match higher than that of the 110 peak, while in films processed at 250 1C, 300 1C and in randomly oriented powder, reflection 110 is the most intense.
From both diagrams 1a and 1b it appears that the increase of the deposition temperature results in the increase of the peaks area and consequently in the increase of the diffracting matter. Assuming that films do not contain any single (Cu, Pd) or alloyed (Cu-Pd) amorphous metallic phases, this trend is attributed to the increase of the growth rate of the films, resulting in an increased final thickness for a given processing time. The evolution of the Cu/Pd ratio in the films as a function of the distance from the surface was investigated in two samples processed under thermal-VUV activation at 300 1C and at 350 1C, based the area under the Pd3d 5/2 and Cu2p 3/2 peaks. For the former sample, the Cu/Pd value is 0.88 at the surface; it slightly increases during the first 2 min of sputtering time to reach a stable value of 1.06. Before ion etching the Cu2p 3/2 peak position was recorded at 933.2 eV, which is characteristic of Cu 2 þ . Indeed, binding energy of Cu2p 3/2 in CuO is in the 933.6-934.6 eV range, while in metallic Cu and in Cu 2 O it is in the 932.4-932.8 eV range [27, [29] [30] [31] [32] [33] [34] . The binding energy for Cu2p 3/2 shifted to 932.2-932.3 eV after ion etching allowing concluding that Cu is in the [35, 36] . Similar results were obtained from the investigation of the sample processed at 350 1C.
As expected, XPS systematically revealed oxygen and carbon surface impurities. Determination of O concentration in the films is awkward due to the overlap of O1s and Pd3p peaks. However, the absence of intense OKLL lines in the Auger area shows that the oxygen concentration is low, if not negligible. Films are persistently C contaminated, at the level of 15 at% for those processed by thermal activation, and of 20 at% for those processed by combined thermal and VUV activation. C concentration hardly depends on T d , except for 350 1C, where it slightly increases to attend 25 at% for films processed under VUV activation. Fig. 4 presents the fcc over the sum fcc plus B2 weight ratio of the Pd-Cu phases in the films as a function of T d . It can be noticed that the fcc phase prevails at the lowest T d ; i.e. for films processed at 200 1C. In this temperature, the considered ratio exceeds 60% for films processed under thermal activation, and it reaches almost 50% for those processed under VUV assistance. For both type of films, this ratio strongly decreases with increasing T d to reach 14% and 9% for films processed with and without VUV activation, respectively. Above this temperature it slightly decreases for both types of films. 
Conclusion
A novel approach for the preparation of Pd-alloy membrane materials by CVD is demonstrated. Pd-Cu films were deposited from PdL 2 Â CuL 2 , (L ¼ 2-methoxy-2,6,6-trimethylheptane-3,5-dionate), a new, non-toxic, halogen free single source bimetallic precursor with a 1:1 Cu/Pd ratio. Deposition conditions were 10 Torr, under thermal (temperature range 200-350 1C) and combined thermal and Vacuum Ultra Violet activation. Films of tunable composition and microstructure have been obtained in this parametric space. They are composed of the cubic B2 and the fcc Pd-Cu phases, with predominance of the former and significant content of the latter at low deposition temperature. Films are systematically Cu-rich, with a mean value of Cu/Pd ratio of 55/45. The morphology of the films is uniform and rough, with faceted grains for films deposited under thermal activation, the size of which increases from 70 to 80 nm at 250 1C to ca. 150 nm at 350 1C. These grains are composed of crystallites, whose size increases from 107 5 nm at 200 1C to ca. 45 nm at 350 1C. VUV activation of the deposition results in higher growth rate and in a moderate increase of the carbon content of the films which passes from approximately 15 at% to 20 at% and even 25 at% at 350 1C. It also provides films with smoother morphology and a slightly higher content of the fcc phase in the temperature range 250-300 1C, namely ca. 17 wt% to be compared with 10 wt% and less for films deposited through thermal activation. Carbon impurities determination seems to be problematic and needs further verification.
